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The sequence acetyl-CoA -+ acetyl-O-enzyme + acetyl-S-acyl carrier protein has for the first time been 
demonstrated directly with a multifunctional (mammalian) fatty acid synthase. This was achieved by 
blocking of the active-site thiols of rabbit mammary fatty acid synthase with iodoacetamide. The modified 
enzyme was incubated with [r4C]acetyl-CoA to form acetyl-O-enzyme, and acetyl-CoA was removed 
rapidly by centrifuge desalting. We were then able to demonstrate transfer of the acetyl group from 
[t4C]acetyl-O-enzyme to the pantetheine thiol in a fragment of rabbit mammary fatty acid synthase 
containing the phosphopantetheine group, and to E. coli acyl carrier protein. 
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1. INTRODUCTION 
The mechanism of de novo fatty acid synthesis 
from acetyl-CoA, malonyl-CoA and NADPH cata- 
lysed by fatty acid synthase has been studied in 
greatest detail in Escherichia coli and in yeast. In 
the case of E. coli, the constituent enzyme activities 
are located on small, monofunctional proteins, 
which can be readily separated and studied in isola- 
tion [l]. These studies have shown that the initial 
transfers of the acyl groups to the acyl carrier pro- 
tein (ACP) are catalysed by discrete acetyl- and 
malonyl-ACP transferases, with each enzyme 
forming an acyl-enzyme intermediate [l]. In the 
case of the malonyl-ACP transferase this inter- 
mediate is believed to be an acetyl-O-ester with a 
serine side chain [ 11. 
these acyl-O-esters are intermediates in the reaction 
mechanism is lacking, although there are yeast 
mutants which produce fatty acid synthase which 
does not transfer radioactivity from [ 14C] malonyl 
CoA either to the pantetheine thiol or the O-ester 
site [6]. The general similarities of the other partial 
reactions in E. coli, yeast and mammals have led to 
the assumption that the acyl-O-esters are inter- 
mediates in the acyl transferase reactions in yeast 
and mammals. However, there are important dif- 
ferences between these systems. Both E. coli [l] 
and yeast [2,3] clearly contain separate acetyl- and 
malonyl-ACP transferases, while recent evidence 
suggests that on the mammalian enzyme a single O- 
ester site accepts acyl groups from either acetyl- 
CoA or malonyl-CoA [5,7]. 
In yeast and in vertebrates, fatty acid synthase 
occurs as a multifunctional protein, and it is not so 
simple to investigate the individual reaction steps. 
However, in both cases acyl-O-enzyme esters are 
formed on incubation of the enzymes with acetyl- 
CoA or malonyl-CoA [2-51. Direct evidence that 
Here, we demonstrate that an acyl group can be 
transferred from the O-ester site on a mammalian 
fatty acid synthase to the pantetheine thiol of an 
acyl carrier domain. Hence, for the first time, we 
have direct evidence for the involvement of these 
intermediates in the overall enzyme mechanism. 
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2. MATERIALS AND METHODS 2.4. Performic acid oxidation 
2.1. Materials 
Acetyl-CoA was from the Boehringer Corp. 
(London). [t4C]Acetyl-CoA was from Amersham 
International (High Wycombe, Bucks). Fatty acid 
synthase was purified from lactating rabbit mam- 
mary gland as in [8]. 
Performic acid was prepared as in [l 11. Perfor- 
mic acid (100 ~1) was added to the freeze-dried 
sample and after overnight incubation at 0°C it 
was diluted with 0.95 ml water and freeze-dried. 
3. RESULTS AND DISCUSSION 
2.2. Purification of acyl carrier proteins 
Escherichia coli acyl carrier protein was purified 
as in [9]. An acyl carrier fragment was isolated 
from rabbit mammary fatty acid synthase by par- 
tial elastase cleavage followed by gel filtration on 
Sephadex G-75 Superfine, similar to [lo]. The 
purity of the resulting acyl carrier fragment was 
checked by sodium dodecyl sulphate (SDS)-poly- 
acrylamide gel electrophoresis N-terminal analysis. 
2.3. Incubation of acyl carrier protein with acetyl- 
fatty acid synthase 
Fatty acid synthase (4 mg/ml) in 125 mM sodium 
phosphate, 1 mM EDTA (pH 7.0) was incubated 
with iodoacetamide (1.5 mM) for 45 min at 30°C. 
After this incubation, 75 ~1 of this solution was 
added to 25 ~1 acetyl-CoA (56 Ci/mol, 0.35 mM). 
Under such conditions, only the O-ester sites on 
the fatty acid synthase are labelled [5]. After 10 s, 
the solution (100~1) was applied to the top of a cen- 
trifuge desalting column containing 1 ml packed 
Sephadex G-25 Fine equilibrated with 125 mM 
sodium phosphate, 1 mM EDTA (pH 7.0). The 
collecting tube contained 40 pg purified acyl car- 
rier protein in 30 ~1, pre-incubated for 30 min at 
30°C with 1.5 mM dithiothreitol. The desalting 
columns were placed in a MSE Super-Minor bench 
top centrifuge, and centrifuged at 1200 rev./min 
for 5 min. Immediately the centrifuge rotor had 
stopped, 15 ~190% (v/v) formic acid was added to 
the collecting tube. The contents of the tube were 
then applied to a column of Sephadex G-75 Super- 
fine (0.8 x 75 cm) equilibrated with 5% (v/v) for- 
mic acid, and the column was eluted with the same 
buffer. Fractions of 0.8 ml were collected and ali- 
quots of 100~1 mixed with 1 ml Fisofluor multi- 
purpose cocktail and counted for radioactivity. 
The remainder of the fractions were freeze dried, 
and electrophoresed in the presence of SDS. 
To prevent transfer of acyl groups to the endo- 
genous pantetheine in the fatty acid synthase, all 
experiments were carried out with enzyme that had 
been pretreated with iodoacetamide. We have 
already shown that this prevents the formation of 
acyl thioester intermediates while not affecting the 
formation of the acyl-O-ester intermediates [5]. 
Addition of E. coli acyl carrier protein markedly 
increased the incorporation of radioactivity into 
protein when [ t4C] acetyl-CoA was incubated with 
iodoacetamide-treated rabbit mammary fatty acid 
synthase (table 1). No incorporation of radio- 
activity into protein occurred when E. coli acyl car- 
rier protein was incubated with [r4C]acetyl-CoA 
alone. This suggested that the modified fatty acid 
synthase was catalysing transfer of acetyl groups 
from acetyl-CoA to the acyl carrier protein. 
The next step was to isolate the acetyl-O-enzyme 
and demonstrate that it acted as an intermediate in 
this transfer reaction. Previous experiments had 
shown [5] that the acyl-O-ester was very unstable. 
Table 1 
Labelling of rabbit mammary fatty acid synthase and 
E. coli acyl carrier protein (ACP) by [r4C]acetyl-CoA 
Fatty acid synthase 
(/Jug) 
32 
32 
- 
E. coli ACP 
(pg) 
- 
10 
10 
a This incorporation corresponds to 0.75 mol acetyl 
groups/subunit. 
Labelling was carried out at 0°C for 10 s using 100 PM 
[‘4C]acetyl-CoA (9.4 Ci/mol). After the incubation, the 
protein was precipitated by adding 10 vol. 25% (w/v) tri- 
chloroacetic acid, the pellet was washed 3 times in 25% 
(w/v) trichloroacetic acid, dissolved in 20 ~1 formic acid 
and 1 ml Fisofluor multipurpose cocktail added 
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It was therefore necessary to devise a very rapid 
method for removal of [ “C]acetyl-CoA from the 
enzyme. This was achieved by centrifuging a mix- 
ture of iodoacetamide-treated fatty acid synthase 
and [ 14C]acetyl-CoA through a plug of Sephadex 
G-25 in a disposable syringe barrel. Control experi- 
ments showed that this procedure quantitatively 
removed [r4C]acetyl-CoA while the recovery of 
protein was at least 50%. The collecting tube 
beneath the syringe contained the acyl carrier pro- 
tein. Immediately the centrifuge had stopped, for- 
mic acid was added to the collecting tube, and the 
products were separated by chromatography on 
Sephadex G-75 in 5% formic acid. Two sources of 
acyl carrier protein were used: 
(1) The ‘acyl-carrier fragment’ prepared from rab- 
bit mammary fatty acid synthase using limited 
elastase digestion as in [lo]; 
(2) E. coli acyl carrier protein. 
Fig. 1 shows the results obtained using the acyl- 
carrier fragment of rabbit mammary fatty acid 
synthase. Radioactivity was recovered in two 
peaks. The radioactivity in peak 2, corresponding 
to the total volume of the column, was completely 
lost if the fractions were freeze-dried. This peak 
therefore represents [ 14C]acetate resulting from 
breakdown of the [i4C]acetyl-fatty acid synthase. 
Peak 1 was shown to comigrate with the acyl- 
carrier fragment by SDS-polyacrylamide gel elec- 
trophoresis. This peak was stable to freeze-drying 
but disappeared on performic acid oxidation and 
freeze drying. 
Experiments were also carried out using E. cofi 
acyl carrier protein. The results were very similar 
except that 3 peaks of radioactivity were recovered 
from the G-75 column. The extra peak was ap- 
parently due to the formation of dimers of the acyl 
carrier protein, which occur even in 5% formic 
acid. 
In both experiments fatty acid synthase was de- 
tected at the void volume of the column by SDS- 
polyacrylamide gel electrophoresis. To investigate 
why no radioactivity was recovered in these 
fractions, two further experiments were carried 
out. Mixtures of iodoacetamide-treated fatty acid 
synthase and [ i4C] acetyl-CoA were centrifuged 
through Sephadex G-25 as before, except that no 
acyl carrier protein was present in the collecting 
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Fig. 1. Elution of fatty acid synthase and acyl-carrier fragment from Sephadex G-75. Radioactivity eluted from the col- 
umn was determined as in the text (0). Also shown is the effect of freeze-drying on the radioactivity (0) and the effect 
of performic acid oxidation followed by freeze-drying (A). KJ represents the excluded volume of the column. 
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tube during the centrifugation. In one experiment, 
50 ~1 of 50% (w/v) trichloroacetic acid was added 
at the end of the centrifugation. Of the radio- 
activity recovered, 52% was trichloroacetic acid- 
soluble, showing that this proportion of the acyl- 
O-enzyme had broken down during the 5 min of 
centrifugation. In the second experiment, formic 
acid was added, followed by rabbit acyl-carrier 
fragment, and the mixture was subjected to chro- 
matography on Sephadex G-75 as before. In this 
case all the radioactivity was recovered in the total 
column volume, and was lost on freeze-drying. 
Thus the residual acetyl-O-enzyme is unstable in 
5% formic acid, but no transfer of acetyl groups to 
acyl carrier proteins occurs after addition of for- 
mic acid. The reasons for the greater stability of 
the thioester in 5% formic acid are not clear. 
The experiments described above show that the 
acyl-O-enzyme is unstable and breaks down to free 
acetate during the course of the experiment. How- 
ever, in the presence of an acyl carrier protein, a 
substantial portion of the acetyl groups are trans- 
ferred to the acyl carrier protein. Since the linkage 
with the acyl carrier protein was sensitive to perfor- 
mic acid oxidation, and neither the rabbit acyl- 
carrier fragment (A.D. McC., unpublished) nor E. 
co/i acyl carrier protein [l] contain crysteine, the 
acetyl group must be transferred to the pantetheine 
thiol. 
Blocking of the active-site thiols of rabbit mam- 
mary fatty acid synthase with iodoacetamide does 
not affect formation of the acetyl-O-enzyme [S], so 
the latter is not merely a side-reaction of acylation 
at the thiol sites. Thus the component parts of the 
reaction sequence acyl-CoA + acyl-O-enzyme + 
acylS-acyl carrier protein have now been demon- 
strated directly in a multifunctional fatty acid 
synthase. 
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